. These animals are born alive but require a bone marrow transplant within 48 hours after birth to survive and develop normally. There are no gross morphological differences in the brain cytoarchitecture of these mice versus wild-type mice. In the present study, PU.1 null mice were used as bone marrow recipients to optimize the number of cells derived from the donor and to permit an accurate estimation of the numbers of bone marrow cells that migrate into the nervous system. NeuN, a nuclear protein that is found exclusively in neurons (17-19), was used as a neuronal marker. Specific NeuN immunoreactivity was not present in acutely isolated (20) bone marrow cells. Acutely isolated bone marrow cells were also examined for neural antigens in our transgenic mouse line in which oligodendrocytes and Schwann cells express LacZ (21). No LacZ-expressing or ␤-galactosidase-immunopositive cells were present, and there was no specific immunostaining for NG2 chondroitin sulfate proteoglycan or O4, antigens that are present in Schwann cells and oligodendrocytes (22-24). These results strongly suggest that the bone marrow cell preparations were devoid of neurons and glia at the time of transplantation. When adult bone marrow cells were grown in culture for several weeks, the neural stem cell antigen, nestin, was present in 18% of the population [see Web fig. 1 (25) ], indicating that bone marrow can give rise to neural stem cells.
Within 24 hours after birth, PU.1 homozygous recipients were given intraperitoneal injections of bone marrow cells from wild-type mice (20). Seven transplant recipient mice and nontransplanted control littermates were examined between 1 and 4 months of age. To determine the efficiency of the transplantation, we analyzed different organ tissues for the presence of donor-derived cells. Y chromosome-positive male cells were identified in hematopoietic organs of female recipients by fluorescent in situ hybridization histochemistry. Greater than 90% of spleen cells, in both white and red pulp, and ϳ10 to 15% of liver cells were Y chromosome-positive. There was no specific Y chromosome staining in the female brain. The Y chromosome was frequently localized at the periphery of the nucleus, which is characteristic of heterochromatin (27, 28 (Fig. 1C) . In the brain, NSE is expressed exclusively in neurons (29) , demonstrating that Y chromosome-bearing cells can express two neuronal antigens. Most of these cells were found in the cerebral cortex [Web fig. 3 , A to F (25)]; however, they were also present in the hypothalamus ( Fig. 1 (8) and all microglia in these recipient animals arise from the donor bone marrow and are also Y chromosome-positive, we could not determine regional differences in the distribution of Y chromosome-positive nuclei. These studies demonstrate that bone marrow cells migrate into the brain and differentiate into cells that express neuron-specific antigens. In combination with previous in vivo studies (9, 12, 13) , the present work suggests that the bone marrow can supply the brain with an alternative source of neural cells. Neurons and macroglia (oligodendrocytes and astrocytes) are thought to arise from pluripotent neural stem cells that are present both in the developing (30) and adult mammalian CNS (31) (32) (33) (34) (35) . It has been estimated that, for every 2000 existing neurons, one new neuron is produced each day (35, 36) . In the rodent brain, there are two wellcharacterized neurogenic regions: one in the subgranular zone of the dentate gyrus and one in the forebrain subventricular zone (37) (38) (39) (40) (41) . Two populations of neural stem cells have been identified in adult mammals: one in the ependymal cell layer lining the ventricles (33) and one in the subventricular zone [glial fibrillary acidic protein-immunoreactive cells (34) , each of which gives rise to glial cells and neurons]. We suggest that, in addition to these sources of neural stem cells, there may be a continuous influx of bone marrow stem cells into the ependymal and subependymal zones that give rise to a variety of CNS neural cell types. An interesting possibility is that these entry routes might also serve as portals into the CNS for diseases that primarily originate in and affect the hematopoietic system (i.e., leukemia and AIDS).
Bone marrow is far more accessible than neural stem cells and has the added advantage of having inherent host compatibility, thereby obviating the need to screen for viral and foreign antigens. Although our study showed that only a small number of transplanted cells expressed neuronal antigens in the adult brain, there may be factors that promote the differentiation of bone marrow cells into distinct neural cell types. Once these factors are identified, bone marrow cells might be expanded in vitro and provide an unlimited source of cells for the treatment of CNS disease and injury. Because at least two different types of stem cells have been isolated from bone marrow (hematopoietic and stromal), characterizing the potential for each population will be an important step toward optimizing regenerative therapies. The Y chromosome hybridization was localized to a NeuN-immunopositive cell (arrow) and was not associated with any neighboring nuclei in the x, y, or z planes. Scale bar, 10 m. These results were observed with five independent Z series from three different animals. 14 201 (1992) . 20. PU.1 null mice were reconstituted as follows. Adult male mice (8 to 24 weeks old) were killed, and both femurs were removed under sterile conditions. The muscle was removed, and the ends of the bones were cut off with a scalpel. The remaining central portion of the femur was placed into Dulbecco's modified Eagle's medium (DMEM) (Gibco, Gaithersburg, MD) containing 10% fetal bovine serum (Gibco). Marrow cells from each femur were flushed out with medium. A suspension of the bone marrow cells was prepared by pushing the marrow and medium through 18-gauge, 21-gauge, and 25-gauge needles, consecutively. The cell suspension was centrifuged at 300g for 8 min, and the supernatant was discarded. The cells were washed in DMEM without serum, and an aliquot was removed for NeuN immunostaining. For the transplantation experiments, the remainder of live cells was centrifuged and resuspended in DMEM without serum. For immunostaining of acutely isolated bone marrow cells, see supplemental methods (25). Bone marrow transplants were performed as follows. At birth, each female neonate was given an intraperitoneal injection of a 0.05-ml suspension that contained 1 ϫ 10 7 male bone marrow cells (equivalent to one adult mouse). Approximately 0.05 to 0.5% of the total number of the marrow cellularity are hematopoietic stem cells and ϳ0.125% are stromal cells (42) (43) (44) . All pups were given subcutaneous injections of enrofloxacin for 2 weeks, as previously reported (15) Area 5 in the parietal lobe of the primate brain is thought to be involved in monitoring the posture and movement of the body. In this study, neurons in monkey area 5 were found to encode the position of the monkey's arm while it was covered from view. The same neurons also responded to the position of a visible, realistic false arm. The neurons were not sensitive to the sight of unrealistic substitutes for the arm and were able to distinguish a right from a left arm. These neurons appear to combine visual and somatosensory signals in order to monitor the configuration of the limbs. They could form the basis of the complex body schema that we constantly use to adjust posture and guide movement.
Without an accurate sense of the position of the limbs, head, and torso, we would be unable to guide movement, process the spatial location of nearby objects, or distinguish our own body parts from external objects. People with damage to their parietal lobes can have difficulty in all of these dimensions (1, 2) . Studies in normal humans show that the body schema is not simply a representation of joint angles, but a complex integration of vision, proprioception, touch, and motor feedback (3) (4) (5) (6) . Although a great deal is known about the processing of joint angle and muscle stretch in the somatosensory system (7), little is known about how different sensory modalities are combined by neurons in the parietal lobe or elsewhere to construct the body schema (8, 9) . The present set of studies focused on the coding of static arm position. The sense of arm position depends on many sources of information, including proprioception and vision (3-6, 10 -12) . Here we show that neurons in parietal area 5 of the monkey brain, but not in the primary somatosensory cortex, respond in relation to the seen position of a false arm. They are also sensitive to somatosensory signals, responding in relation to the felt position of the monkey's actual arm. These somatosensory and visual signals are combined in individual neurons to provide a possible code for static limb position.
Responses of single neurons in area 5 were studied in two monkeys (13) . The recording site in monkey 1 is shown in Fig. 1A , and the apparatus is shown in Fig. 1B . The arm contralateral to the recording electrode was outstretched, and the ipsilateral arm was held close to the body (not shown). The arms were covered with a black plastic plate. On top of the plate, a realistic false arm was placed in the monkey's view. This false arm was from a monkey of the same species and had been prepared by a taxidermist. The cut end was covered from view by a portion of Department of Psychology, Princeton University, Princeton, NJ 08544, USA.
*To whom correspondence should be addressed. Email: graziano@princeton.edu
